The effect of near-surface perturbations is still one of the key problems in land seismic surveys. The extraction of direct and scattered ground roll and its removal allowed by interferometry can provide a robust solution for the effects of the shallow geology on surface seismic data. Conventionally, surface waves are estimated implementing a modification of the exact theory of virtual-source interferometry. For example, we usually apply an approximated version of the interferometric equation that does not require spatial derivatives. This introduces errors and spurious events due to the effect of scatterers outside the integration boundary. In this paper we assess whether or not the use of spatial derivatives adds value to the estimates made using virtual-receiver interferometry, using both field experiments and synthetic data.
Introduction
The term virtual-receiver interferometry refers to the technique of reconstructing the wavefield traveling between two sources, transforming a source into a virtual receiver (Curtis et al., 2009 ). This method uses cross-correlation as the main tool to build this new response (van Manen et al., 2006) and its analytical expression in the frequency domain is represented by the following equation (ω is omitted for brevity):
−n j c n jkl ∂ k G li (x, x 1 )G * nm (x, x 1 ) dS.
(1)
Here, G im (x 2 , x 1 ) is the Green's function representing the ith component of particle displacement at x 2 due to a unidirectional point force in the m-direction at x 1 , n j is the jth component of the normal vector on the boundary ∂V , ∂ k denotes a spatial derivative in the k-direction, and c n jkl is the elasticity tensor. The points x 1 and x 2 are located inside the bounding surface ∂V , on which the points x are located. * indicates complex conjugation and it corresponds to time reversal in the time domain. Einstein's summation principle for repeated indices applies throughout. To apply equation 1 we require:
• knowledge of the medium parameters at the receiver locations, such that the elasticity tensor can be calculated;
• source types that represent all three unidirectional point-force components (due to the implicit Einstein summations over n and l);
• a completely enclosing boundary of three-component receivers, with knowledge of the normal vector at each point on the boundary;
• all three components of the spatial derivatives, of all three components of the three-component receivers.
When applying virtual-receiver interferometry to real seismic data, we rarely meet any of these requirements. For example, in a typical land seismic survey, we only record the vertical particle displacement (or particle velocity) with a single-component geophone due to a vertical point force (e.g., a vibroseis source). Therefore, where we require three-component receivers, and three corresponding spatial derivatives, we only have one receiver component and none of the spatial derivatives. There are also other issues that must be addressed to fully apply equation 1; these include (but may not be limited to): estimation of the elasticity tensor c n jkl , measurement of the vertical derivatives, incompleteness of the integration surface ∂V , and the free surface condition. Of each of these issues, the most significant problem is the incomplete integration surface. To reconstruct a full elastic wavefield using virtual-receiver interferometry requires sources at depth (beneath the portion of the Earth that we are interested in). In practical situations, active sources cannot be placed at this depth.
Several authors have shown how the full elastic form of interferometry can be simplified to various forms more applicable to real data where all of the wavefield components required are not available. For surface waves in horizontally layered isotropic elastic media, Halliday and Curtis (2008) showed that the interferometric integral can be simplified to a form that uses only three components of force (or, for equation 1, three components of particle displacement), and Halliday et al. (2010) show that, by using only vertical-force sources, estimates of direct and scattered ground roll can be made. They apply a simplified equation of the form
where C is a constant dependent on frequency and the local propagation velocity at the boundary ∂V . In this form, we expect phase errors and additional amplitude errors in the interferometric surface wave estimates. Further, by making the necessary approximations to remove the spatial derivatives, it was assumed that there are no incoming waves crossing the boundary ∂V . This is a strong assumption because, in practice, it means that non-physical arrivals will be introduced due to the presence of scatterers outside of the boundary (Wapenaar and Fokkema, 2006) . These approximations also involve an assumption that the surface ∂V is a circle with very large radius, which is unlikely to be the case in a realistic survey geometry. Halliday and Curtis (2008) show that surface waves behave more like 2D acoustic waves. Intuitively, this makes sense because the Green's function for surface waves in layered media (Snieder, 2002) has the same analytic form as the Green's functions in homogeneous 2D media (Groenenboom and Snieder, 1995 ) (i.e., the phase and geometric spreading terms are the same). There are, of course, amplitude differences (which have a frequency dependence), but the results of Halliday and Curtis (2008) suggest that the acoustic form of virtual-receiver interferometry should be adequate to recover the correct phase of both direct and scattered surface waves, and also to mitigate the effect of scatterers located outside of the boundary of sources.
We start with the hypothesis that the surface waves behave in the same manner as 2D acoustic waves and approximate the elastic equation based on its acoustic counterpart; hence, we apply a new equation to compute our interferometric estimates:
Here j = 1, 2, and the surface ∂V is understood to be confined to the surface of the Earth. The subscript 33 of the Green's function refers to the fact that sources and receivers inject and record, respectively, in the vertical direction only. This equation is much simpler than equation 1, but slightly more sophisticated than equation 2. We do not expect to recover the true amplitudes as in equation 1, but the phase of the surface waves should be recovered correctly, and scattering outside of the boundary may be treated properly.
We designed a field experiment to assess whether or not the use of spatial derivatives required by equation 3 can add value to those estimates made using equation 2. In this project, due to the limited spatial extent of our survey (20m x 25m), we focus on the analysis of surface waves because the wavefield only propagates at shallow depths, and we consider a building as the main scatterer for these waves. We first analyze the data acquired in the field and then we use modeling as a verification of what we observe.
Data Acquisition
The geometry of the first and second surveys is illustrated in Figures 1 and 2 . The three staggered lines of geophones are the key element of our survey geometry. They allow us to compute the approximate inline and crossline derivatives of the wavefields at the points indicated by the black dots in Figure 2 . The black dots constitute the receiver boundary ∂V . A secondorder accuracy finite-difference formula was used to compute the aforementioned derivatives. The value of the wavefield at the same points has been estimated interpolating the values at the four neighbor receivers. In these surveys, the near surface is relatively uniform; hence, interpolation did not pose any problems. This may not be the case in all data sets because the near surface could be very complex, but the small spacing used means that we would have a degree of confidence in the results. We use the wavefield recorded by the line of geophones close to the source line as a reference for the interferometric estimates. The data were acquired using an accelerated weight drop source and 10 Hz vertical-component geophones. Figure 1 : Cartoon illustrating the stationary phase region (SPR) for a given source and virtual receiver pair. Panels a and b show the ideal geometry of the first and second survey, respectively. ∂V constitutes the receiver boundary and 7 indicates the virtual receiver. The raypaths correspond to the stationary contribution to the correlation gather for the causal scattered surface wave. The red elements correspond to the real geometries of the two surveys. 
Field Data and Interferometric Estimates
In this section, we analyze the data we acquired in the field. To apply virtual-receiver interferometry with the geometries illus-trated in Figure 2 , each receiver on the boundary ∂V records the response due to a series of sources; then, we compute the derivatives of these responses as explained in the previous section. We cross-correlate these data using equations 2 and 3 to compute two different interferometric estimates. We compare the results with the recording of a geophone located next to the source acting as a virtual receiver. For visualization purposes, all the figures in this section show a smoothed version of the results (obtained by linearly interpolating adjacent traces). In the following virtual-receiver results, we tapered the ends of the correlation gather to reduce the end point contributions of the incomplete receiver boundary ∂V .
First survey
Panel b of Figure 3 shows the causal part of the correlation gather computed with the virtual-receiver method using the simplified equation 2. Panel c of the same figure shows the causal part of the correlation gather computed with the virtual-receiver method using equation 3. Panel a displays the reference wavefield recorded by the geophone close to the source 7. Comparing panels b and c, we see that results produced by two different interferometric equations are very similar, at least kinematically. We see that the scattered surface wave (labeled S) scattered by the building was reconstructed by the virtual-receiver method; this is due to the fact that our staggered lines of receivers include the stationary phase region for such a scattered wave as shown in Figure 1 .
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Second survey
Panels b and c of Figure 4 show the results computed with the same equations used in the previous section. However, in this case, the results produced by the two interferometric equations differ. The estimate produced by the simplified equation displays an event around 0.3 s (labeled SP) that is not present in the reference gather; while the result of equation 3 does not contain this spurious event. None of the interferometric estimates successfully reconstructed the scattered surface wave. The spurious event in panel b appears because the main scatterer is located outside the boundary ∂V ; hence, the assumptions used to derive equation 2 are violated. The scattered surface wave (labeled S) hasn't been reconstructed by the virtual receiver because the staggered lines of receivers do not include the stationary phase region for such a scattered wave as shown in Figure 1 . We note that the direct wave (labeled D) has been partially reconstructed in both panels because the receivers are in the stationary phase region for the direct wave.
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Numerical Validation
We now validate the field observations using synthetic data. We compute virtual-receiver interferometry results for two different geometries; these tests replicate the real surveys of the previous section. The modeling code computes the multiply scattered surface wavefield between each source-receiver combination (Foldy, 1945; Groenenboom and Snieder, 1995; Halliday and Curtis, 2009) . The scatterer (i.e., the building) is represented by a collection of closely spaced point scatterers; the spacing is much smaller than the typical wavelength of the surface wave that propagates in the field. Each trace was convolved with a Ricker wavelet with a central frequency of 20 Hz. We omit the zero-offset trace from all the subsequent plots because it has a spike at time zero (i.e., the direct surface wave).
First survey
The first numerical example produced the interferometric estimates for the same geometry used in the first real survey (Figure 2) ; the result is shown in Figure 5 . As in the previous section, panel a displays the reference wavefield recorded by the geophone close to the source 7, panel b shows the correlation gather computed with the virtual-receiver method using the simplified equation 2, and panel c of the same figure shows the correlation gather computed with the virtual-receiver method using equation 3. Comparing panel b and c of both figures, we can clearly see that the results agree with the estimates produced with the real data; hence, the same considerations also apply to this synthetic example.
Second survey
This numerical example reproduces the second real survey and the result is shown in Figure 6 . Again, these synthetic data agree with the results obtained applying virtual-receiver interferometry to the field data. Finally, in Figure 8 , we show the equivalent results to Figure 6 using a complete boundary of receivers as shown in Figure 7 . It is important to note that, in this case, ∂V includes receivers in the stationary phase region. Panel c of Figure 8 shows that the scattered surface waves have been reconstructed and the scatterer outside the boundary does not affect the results. The result computed with the simplified equation (panel b) shows the predicted issues; unphysical arrivals due to the scatterer outside ∂V affect the estimates, and the amplitude of the scattered waves is lower than the reference data.
Discussion and Conclusions
The results included in this work confirm that the availability of the spatial derivatives of the wavefield improve the interferometric estimates of the surface waves. When we apply interferometry using equation 3, the unphysical arrivals do not affect the correlation gather either with the scatterer inside or outside ∂V . The ability of computing good estimates of the direct and scattered surface waves is fundamental for ground-roll suppression techniques and for near-surface imaging; hence, the use of the spatial derivatives could play an important role in this field.
It is important to say that equation 3 still presents many approximations; in fact, we only compute the spatial derivatives on the surface for the vertical component and we omit the elasticity coefficients, but the results here show that it adds value to those estimates made using equation 2. This work shows a great potential for the improvement of current interferometry techniques; future experiments could be conducted to test the influence of the spatial derivatives with different geometries and with the presence of multiple scatterers. 
